Abstract: The expression of metabolic enzyme genes and heat-shock protein genes (Hsp) during early embryogenesis in diapause and non-diapause eggs of the silkworm Bombyx mori was quantified by semi-quantitative RT-PCR. The trehalase gene (Tre) was expressed in non-diapause eggs up-to nine days, while in diapause eggs was not up regulated. The glycogen phosphorylase gene (GPase) was expressed in non-diapause eggs, whereas in diapause eggs a high level was observed in early stage, but down regulated in later stage. The phosphofructokinase gene (PFK) and sorbitol dehyrogenase-2 gene (SDH-2) expression was fluctuated in non-diapause eggs, whereas in diapause eggs these were expressed only at early stage and not observed in later stage. The glucose-6-phosphate dehydrogenase gene (G6P-DH) in non-diapause eggs was highly expressed during the differentiation phase and decreased in the organogenesis phase. In contrast to this, expression in diapause eggs was of low level during differentiation phase and of high level observed in the organogenesis phase. In the tissues, PFK and SDH-2 were selectively expressed in cuticle and midgut, whereas Tre expression was high in midgut and ovary of larvae incubated at 15 (20.4, 20.8, 40, 70, and 90) were expressed in both diapause and non-diapause eggs. Their expression was, however, selective in tissues with Hsp20.4 in midgut and ovary, Hsp40 in head, Hsp70 in cuticle and Hsp90 in ovary and head in high amounts at 15
Introduction
Insects adopt a system of hibernation in their life cycle in order to overcome unfavorable environmental condition, such as extreme cold or heat and dryness of summer (Andrewartha 1952) . The silkworm Bombyx mori undergoes egg diapause to tide over unfavorable condition. The external factors responsible for induction of diapause in silkworm are low temperature, short photoperiod and coarse leaf of mulberry. At the physiological level, the embryonic diapause of the silkworm B. mori is induced by the diapause hormone (DH), which is secreted from the neurosecretory cells of suboesophageal ganglion (Yamashita & Hasegawa 1985) . Diapause is usually characterized by reduced metabolic rate with simultaneous activation of selected metabolic pathways associated with diapause. The most common example is the accumulation of biomolecules, such as polyhydric alcohols that function as cryoprotectants so that freezing can either be avoided or tolerated (Storey & Storey 1988 ).
Carbohydrate metabolism in insects, during embryonic development and embryonic diapause, has been studied extensively from the viewpoint of cold hardiness and energy supply (Storey & Storey 1991) . Many researchers have reported fluctuation in free sugars (Furusawa & Yang 1987) , intermediary metabolites and activities of the rate-limiting enzyme (Yaginuma & Yamashita 1979) during embryonic diapause and development of Bombyx eggs. The phosphofructokinase (PFK) acts as a primary key enzyme that regulates the end product, either glycerol or trehalose, formed due to breakdown of glycogen during diapause (Hayakawa & Chino 1982) . In diapause mechanism, many genes are expressed during the initiation, induction and termination stages. The DH induces expression of the trehalase gene (Tre) in ovaries (Su et al. 1994) . Trehalase is a key enzyme responsible for accumulation of glycogen in diapause egg (Yamashita & Hasegawa 1985) . At the initiation of diapause, activation of phosphorylase is related to the intense rate of glycogen breakdown into sorbitol, which is an arresting factor in em-738 R. Saravanakumar et al. bryonic development (Horie et al. 2000) . The flow of carbon released by activation of glycogen degradation might be routed to the pentose cycle because the activity of glucose-6-phosphate dehydrogenase (G6P-DH) is found to be increased significantly with cold acclimation in diapause adults, while it was found to be relatively decreased with cold-acclimation in nondiapause adults (Kostal et al. 2004) . At the termination of diapause, sorbitol is converted into glycogen, which is utilized as a source of energy for embryogenesis (Yaginuma & Yamashita 1978 ). This conversion is controlled by NAD-sorbitol dehydrogenase (SDH-1), which is induced at 5
• C (Yaginuma & Yamashita 1979) .
The up regulations of heat shock proteins (Hsps) appear to be common in diapausing insects belonging to Diptera, Lepidoptera, Coleoptera and Hymenoptera orders and that the diapause occurs in different development stages (Rinehart 2007) . Hsps represent a ubiquitous component of the stress response in diverse organisms (Lindquist & Craig 1988) , suggesting their role played in the rapid increase in stress tolerance noted during early diapause. Hsp70 is up regulated during diapause, temperature extreme, desiccation in several insect species (Denlinger et al. 2001 ). In the flesh flySarcophaga carssipalsi, the Hsp23 and Hsp70 were found to be absent in non-diapause pupae and are expressed in diapausing pupae , while Hsp90 was down regulated during diapause .
The temperature-controlled expression of DH-PBAN (pheromone biosynthesis activating neuropeptide) gene is closely correlated with incidence of diapause, indicating it is an initial event that leads to diapause induction (Yamashita 1996) . The changes in casein kinase 2 activities are regulated mainly at the level of post-transcription during embryonic development (Yamamoto et al. 2005) and casein kinase 1 transcripts expressed at relatively high levels during early embryogenesis. In contrast, the transcriptional activity of the gene was low in diapausing eggs of B. mori (Trang et al. 2006) . BmEts, a novel transcription factor (Suzuki et al. 1999) , extracellular signal regulated kinase and mitogen activated protein kinase (Fujiwara et al. 2006) , an RNA helicase-like protein (Sawada et al. 2006 ), a cold inducible gene Samui (Moribe et al. 2001 ) and cytochrome oxidase subunit I (Hwang et al. 2005) were reported to be involved in the diapause initiation and termination process in the silkworm B. mori. However, other metabolic enzyme genes involved in diapause initiation or termination mechanism have not been studied in diapause and non-diapause eggs of B. mori. These genes may play role in the diapause induction, initiation, and maintenance and termination process.
The present study has therefore been undertaken to investigate molecular aspects of genes involved in carbohydrates metabolism and Hsp responses in diapause and non-diapause eggs during embryogenesis of the silkworm B. mori.
Material and methods
Strain selected for the study A multivoltine strain MW13 (Indian origin) was selected for the study. The larvae were reared following standard rearing method (Krishnaswamy 1978) 
RNA isolation
After oviposition the diapause and non-diapause eggs samples were collected from 0-9 days and the total RNA was extracted. The 4 th instar larva and 5 th day pupa were exposed to 25
• C and 15
• C for 2 hours, respectively, and total RNA isolated from pupal head, larval cuticle, midgut and ovary using TRIzol reagent (Invitrogen) and quantified by measuring the UV absorbance at 260 or 280 nm. The total RNA samples were denatured in formaldehyde, formamide and electrophoresed in 2.0% agarose gels.
cDNA preparation
The first strand cDNA was synthesized using the RNA (2 µg) treated with 0.5 µL each of DNase buffer and DNase (Sigma) for 15 min and the reaction was terminated by heating at 75
• C for 10 min, then added 1 µL of 10 mM dNTP, oligo (dT)18 (Bangalore Genei) and incubated at 65 
Identification of metabolic genes
The B. mori Tre (Acc. No. D13763) sequence was obtained from the GenBank (Benson et al. 2007 ) and the forward primer (5'-cgctgcttcattacgttcaa-3') and reverse primer (5'-tgttcgggtttttcaaggac-3') were designed for cDNA sequence. Similarly, the SDH-2 cDNA (Acc No. AB164059) sequence was obtained and primers were designed for the cDNA sequence as forward primer (5'-gatggtagcgagtgggaaaa-3') and reverse primer (5'-gatagcccaagcaaggttca-3'). However sequences in the case of GPase, PFK and G6P-DH have not been reported in B. mori, therefore, the heterologous gene sequence available fromDrosophila melanogaster and Antheraea paukstadtorum were retrieved and used for identification of homologous corresponding gene sequences in the Bombyx silk database. The D. melanogaster GPase gene homology was searched with the silk database SilkBase (http://morus.ab.a.u-tokyo.ac.jp/) and the sequence (clone NRPG1576) was obtained which showed the maximum homology with the Bombyx GPase. Based on the GPase sequence, the primers were designed as forward primer (5'-gatggtgatcgagaacatcg-3') and reverse primer (5'-caagctgcgagtttaaagtacaa-3'). Similarly, PFK gene was obtained from the silk database (SilkBase entry: ovS302A08f) and primers were designed as forward primer (5'-atgaactccat gcacctagc-3') and reverse primer (5'-caatattttgattaccacgatg ga-3'). The A. paukstadtorum G6P-DH homology was searched in the SilkBase and the gene sequence fcaL-P16 F O12 was obtained which showed homology with Bombyx G6P-DH. Subsequently, the forward primer (5'-aaccttttgccgcataacac-3') and reverse primer (5'-gctgacatcat cacgtccaa-3') were designed for the G6P-DH sequence. Fig. 1 . The gene expression pattern of early diapause and non-diapause eggs after oviposition to nine days of incubation at 25 • C in silkworm B. mori. The RNA isolated from the 0-9 days of non-diapause and diapause eggs and the gene products were run in 1.5% agarose gel. The β-actin was used as an internal standard to confirm the equal loading. Each sample was run in triplicate.
Identification of Heat shock protein genes
The Hsp genes were analyzed in diapause and nondiapause egg and different tissue samples. The Bombyx Hsp20.4 gene sequence was obtained from the GenBank (Acc No. AF315318) and forward (5'-ttttggccttgccttaacac-3') and reverse (5'-ttcgctctggtccttgatct-3') primers were designed. Hsp20.8 sequence (Acc No. AF315317) was retrieved from GenBank and designed with the primers as forward (5'-ctaaccccgaacgacatgct-3') and reverse (5'-gatgtacccatcggcagtct-3'). Similarly, Hsp40 sequence (Acc No. AB206400) was obtained and forward (5'-tcggacgatgaca tcaagaa-3') and reverse (5'-cccgggcgatatcttctaat-3') primers were designed. The Hsp70 was retrieved (Acc No. DQ311189 .1) and the forward (5'-gaacacactcgctgcacatc-3) and reverse (5'-gaggagtgcccaagatcgac-3') primers were designed. Based on Hsp90 cDNA (Acc.No.AB060275) sequence, the forward primer (5'-ttcccagttcattggctacc-3') and reverse primer (5'-tcttgcgcttcttgttttca-3') were designed.
RT PCR analysis PCR amplification was performed in a 25 µL reaction mixture containing 2.0 µL of 10X reaction buffer (100mM Tris-HCL, pH 8.3, 500 mM KCl), 0.2 mM dNTPs, 1.5 mM MgCl2, 66 ng of forward and reverse primer, 0.3 U of Taq DNA polymerase (MBI Fermentas) and 1 µL of the first strand cDNA used as template. β-Actin (forward primer: 5'-cactgaggctcccctgaac-3' and reverse primer: 5'-ggagtgcgtatccctcgtag-3') (Bangalore Genei) was used as an internal standard. The PCR amplification was carried out under the following conditions: 94 
Semi-quantitative measurement
For quantification of mRNA, a semi-quantitative RT-PCR method was adopted according to Goto & Kimura (2004) . In this experiment, PCR reactions with 24, 28, 32, 36 and 40 cycles were performed and it was confirmed that less than 32 cycles could avoid the plateau effects. Therefore, 30 cycles and 26 cycles were fixed for metabolic genes, Hsp and β actin, respectively. After PCR, equal volume of the PCR product of each sample was run in triplicate by 1.5% agarose gel electrophoresis. Following electrophoresis, PCR products were detected under UV after staining with ethidium bromide and the intensity of stained products was quantified by a Densito quantifying image analyzer (Biovis, India) and mean values were calculated. For normalization, β actin mRNA was quantified in the same manner.
Results
The genes involved in the carbohydrate metabolism during early embryogenesis in diapause-induced and non-diapause eggs showed various expression levels at 0-9 days of incubation (Fig. 1) .
Trehalase gene (Tre)
The Tre did not express in diapause eggs during 0-9 days of incubation. In the non-diapause eggs, expression was not observed upto 4 th day, however, the expression gradually increased from 5 th to 9 th day with high level on 8 th and 9th days (Figs 1,2a) .
Glycogen phosphorylase gene (GPase)
In non-diapause eggs for the first three days GPase expression remained low, but from the 3 rd day onwards it increased to maximum of about three-fold by 6 th day followed by decline on the 7 th and 8 th days; and on the 9 th day again increased to the level of 7 th day. In diapause condition during 0 and 1 st day of embryogenesis the expression remained almost the same as recorded in the non-diapause eggs. The expression was steadily increased upto 3 rd day and suddenly declined on 4 th day; and upto 7 th day the expressions were disappeared. However, a very low level was observed on 8 th day (Figs 1,2b ).
Phosphofructokinase gene (PFK)
In non-diapause condition after oviposition on the 1 st day the PFK expression was very low, while from 2 nd day onwards the amount of expression increased gradually reaching to four-fold of that of 2 nd day by 5 day. The activity, however, suddenly decreased on 6 th and 7 th days; and on the 8 th -9 th day a high amount of expression pattern was observed. In diapause conditions after oviposition a low amount of PFK expression was observed on the 1 st day of incubation; three-fold increase was expressed. But on the next day the activity decreased and maintained upto 4 th day. Thereafter, PFK was observed to be down regulated from 5 th day onwards (Figs 1,2c ).
Glucose-6-phosphate dehydrogenase gene (G6P-DH)
In non-diapausing eggs, a high amount of G6P-DH expression was observed soon after the oviposition which gradually increased upto 2 nd day, followed by sudden decreased expression upto 4 th day. This level was found to be maintained upto 7 th day. Again the expression was observed to be increased on 8 th and 9 th days of the organogenesis phase. In contrast to the non-diapause eggs, the expression pattern of G6P-DH in diapausing eggs during the differentiation phase after oviposition was found to be increased on the 2 nd day and maintained upto 3 rd day followed by slight decrease on the next day. During organogenesis phase, the activity recorded substantial increase and maintained upto 9 th day (Figs 1,2d ).
Sorbitol dehydrogenase gene-2 (SDH-2)
In non-diapause eggs during the differentiation phase the SDH-2 was found to express after oviposition. The expression was slightly increased by the 1 st day and maintained till 2 nd day. On 3 rd day the amount was found to increase and thereafter maintained. During the organogenesis phase, the activity gradually decreased and a low level was observed on the 9 th day. In contrast to non-diapause eggs a high amount of expression was observed in diapaused eggs soon after oviposition which was slightly decreased on the 2 nd day and maintained upto 4 th day. From 5 th to 9 th day the expression of SDH-2 was down regulated (Figs 1,2e) .
Gene expressions in tissues
The larvae and pupae were exposed to 25
• C and the differential expression of Tre was observed in the cuticle, midgut, ovary and pupal head samples. The amount of expression varied in two different temperature regimes. A high amount of expression pat- Fig. 3 . Tissue-specific expression of metabolic enzymes genes in silkworm B. mori during larval and pupal development. The 4 th instars larvae and 5 th day pupae were exposed to 25 • C for 2 hr and RNA was isolated from the tissues of cuticle, midgut, ovary and pupal head. For the Tre analysis the larvae and pupae were exposed to 15 • C also. The β-actin gene was used as an internal standard. Fig. 4 . The patterns of heat-shock protein gene (Hsp20.4, Hsp20.8, Hsp40, Hsp70 and Hsp90) expression pattern of diapause and non-diapause eggs after oviposition to eight days of incubation at 25 • C in silkworm B. mori. The RNA was isolated from the 0-8 days of non-diapause and diapause induced eggs and the gene products were run in 1.5% agarose gel. The β-actin was used as an internal standard to confirm the equal loading.
tern was observed at 15
• C in the tissues of the ovary and midgut as compared to 25
• C. The expression of PFK was recorded in cuticle and midgut tissue but it was absent in ovary and pupal tissues. The expression ofGPase was noticed in the cuticle, midgut, ovary and pupal head tissues with a high amount of activity in the midgut. G6P-DH was expressed in cuticle, pupal head and midgut but the expression in pupal head tissue was very low. The expression of SDH-2 was high in cuticle and midgut whereas expression in pupal head was not observed (Fig. 3) . (20.4, 20.8, 40, 70 and 90) genes in silkworm B. mori during larval and pupal development. The 4 th instars larvae and 5 th day pupae were exposed to 25 • C and 15 • C for 2 hr and RNA was isolated from the tissues of cuticle, midgut, ovary and pupal head. The β-actin gene was used as a internal standard.
Heat-shock proteins response during diapause The expression of Hsp20.4 and Hsp20.8 were analysed; there were no difference in their levels in nondiapause and diapause-induced eggs. Amplified Hsps40 and 70 from 0-9 days of diapause and non-diapause eggs showed almost similar patterns. The same was true in the case of Hsp90 (Fig. 4) .
Heat-shock proteins response in tissues Differential level of Hsp20.4, Hsp20.8 expressions was observed in the cuticle, midgut, ovary and pupal heads treated at 25 (Fig. 5) .
Discussion
The embryogenesis of diapause and non-diapause silkworm B. mori occurs in two phases, viz. differentiation and organogenesis. The differentiation begins after oviposition and continues upto 4 days and organogenesis starts from the 4 th day and continues till hatching. These two stages show distinct variations in energy metabolism of diapause and non-diapause eggs (Yaginuma & Yamashita 1999 ). In the non-diapause eggs when incubated at 25
• C, the embryonic development proceeds continuously for 9.5 days until larval hatching (Niimi et al. 1993) , whereas in diapause eggs kept at 25
• C, the mitotic activities of embryonic cells slow down and the cell division finally stops on 3 rd day af-ter oviposition (Kitazawa et al. 1963) . In insects Tre, GPase, PFK, G6P-DH and SDH-2 genes were expressed at different levels in various target tissues and actively involved in the diapause process. It is essential to check the expression of these genes in the various target tissues of B. mori. In the present study the Tre, GPase and G6P-DH were expressed in the cuticle, midgut, ovary and head, while the PFK and SDH-2 were exclusively expressed in cuticle and midgut.
Tre is distributed in almost all tissues and organs of insects at various levels throughout the life cycle. Among the organs, the cuticle and midgut show high Tre activity in many insects. In the present study the Tre expression was observed in ovary, midgut, head and cuticle, however, the maximum expression was found in ovary and midgut. Su et al. (1993 Su et al. ( ,1994 ) also reported that the expression of Tre was predominant in the midgut throughout larval-pupal-adult development and far less in other tissues of silkworm. The expression was not detected in early diapausing egg after oviposition upto 9 days. In non-diapausing eggs the Tre is actively expressed during organogenesis, where high metabolic activities are involved. Thus, Tre activity in tissues primarily depends on the degree of gene expression.
The mechanism of induction of glycerol involves temperature dependent activation of GPase, which acts upon its induction, liberates glucose molecules to be cleaved into glycerol (Chen & Denglinger 1990) . Our results indicate that in non-diapause eggs the GPase expression was found to remain low for the first 3 days. Later from 3 rd day onwards it increased about threefold and the expression was continued upto 9 th day. While in the diapause eggs the expression was noticed upto 3 rd day and the expression was arrested, inferring that the GPase is expressed upto onset diapause and once the embryo attains diapause, the GPase expression was abolished. Yamashita et al. (1975) reported that GPase activation is triggered by anaerobic condition in both diapause and non-diapause eggs. GPase, glyceroldehyde-3-phosphatase and polyol dehydrogenase are all activated in the stem borer during seasonal acclimation (Wood & Nordin 1980) .
In the freeze tolerant goldenrod gall fly, Eurosta solidaginis, glycerol is utilized in the pentose phosphate pathway. While, the temperature drops below 5
• C, the expression of PFK is strongly inhibited, diverting the insect metabolism from glycerol to sorbitol synthesis in one-step process (Tsimuki et al. 1987) . Our study also indicates that in the non-diapause eggs the PFK expression was started in the later stage of embryo development, whereas in diapause eggs its expression was noticed in the early stage of embryogenesis and continued upto 4 th day. The SDH-2 expression was coincided with the expression of PFK gene. We also observed that the expression of SDH is down regulated in diapause eggs after 4 th day of oviposition because activity is regulated at the transcriptional level. Niimi et al. (1993) observed that the SDH-1 mRNA being expressed within yolk cells of diapause eggs after chilling at 5
• C for 40-50 days. They also postulated that the possible mechanisms include activation of the SDH-1 by factor(s) that appear only when diapause eggs are incubated at 5
• C, and the suppression of SDH-1 expression by factor(s) present in diapausing eggs kept at 25
Hsps are highly conserved proteins found in all prokaryotes and eukaryotes. Generally the Hsps were ubiquitously expressed in all embryo developmental stages of diapause and non-diapause eggs and there is no significant variation in Hsp expression of both diapause and non-diapause eggs at different time intervals. Sonoda et al. (2006) in a study conducted on Hsp expression in diapausing larvae of Chilo suppressalis rice stem borer found that the Hsp19.7 is not expressed in the diapausing larvae and the expression was up regulated after cold acclimation. However, Hwang et al. (2007) reported that the Hsp20.8 was expressed at high level in diapausing eggs incubated at 25
• C for 30 days after oviposition. In B. mori, Hsp70 is synthesized in diapausing and non-diapausing egg development at the early germ-anlage stage (Coulon & Dorel 1991) and also synthesized after heat shock or acid treatment during embryogenesis except for two unaffected phases, namely the pre-blastodermic stages and deep diapause. The synthesis of Hsp70 could be induced again immediately by the end of the reactivation phase at 5
• C for 35 days (Coulon & Mathelin 1991) . In the pupal diapause of the flesh fly, S. crassipalpis, Hsp70 gene is expressed immediately upon entry into diapause and remains up regulated until diapause is terminated , and in the non-diapausing flesh flies, Hsp70 is up regulated in response to desiccation (Hayward et al. 2004 ). In B. mori, the Hsp90 is not involved in diapause eggs upto 9 days as it expressed in both diapause and non-diapause eggs. Studies in Drosophila triauraria and the blowfly Lucilia silicate, indicated no evidence of Hsp90 involvement in diapause (Goto & Kimura 2004) . In contrast to this, in S. crassipalpis Hsp90 transcripts is down regulated during diapause . The Hsp90 in flesh flies is also up regulated in response to cold shock (Joplin 1990) but not involved in diapause . We thus provide evidence that various genes were developmentally up or down regulated during diapause of B. mori. Although, previous reports indicate that the carbohydrate metabolic genes were expressed along with diapause-associated genes in other insects, here we showed involvement of specific genes in diapause and non-diapause process of silkworm B. mori eggs.
